Chlamydomonas reinhardtii is now becoming a useful model for the study of mitochondrial genetics in a photosynthetic organism. T h e small (1 5.8 kb) mitochondrial genome C . reinhardtii has been sequenced completely and all the genes have been identified. Several mutants inactivated in mitochondrial genes encoding components of the respiratory complexes I, 111 and IV have been characterized at the molecular level. Assembly of complex I in several mutant strains and mapping of mitochondrial mutations by recombinational analysis are also described.
Introduction
In plants, only a few mutations affecting mitochondrial genes that encode components of the respiratory chain have been characterized. They occur through genomic recombinations creating mosaic genes or generating large deletions [1, 2] . Plant respiratory mutants often have a decreased growth rate, more or less severe morphological abnormalities and male sterility, and cannot generally be maintained as pure homoplasmic lines. In this regard, the unicellular green alga Chlamydomonas reinhardtii seems a powerful system to study the mitochondrial function in a photosynthetic organism. Mitochondrial mutants are relatively easy to isolate ; several homoplasmic mutants lacking complex I, 111 or IV activity have been characterized at the molecular level.
T h e mitochondrial genome of C . reinhardtii is a small linear molecule of 15.8 kb, present at approx. 50 copies per cell. Totally sequenced since 1993 [3] (GenBankB accession no. U03843), it contains eight genes encoding polypeptides, two split rRNA species and three tRNA species (Figure 1A) . T h e telomeres of the mitochondrial genome are made of two 53 1 bp inverted repeats in which the 86 outermost nucleotides are repeated Key words: Chlornydornonos. complex I assembly, mitochondria, mutations, recombination. 'To whom correspondence should be addressed (e-mail c.remacle@ulg.ac.be).
in an internal copy located near the right extremity of the genome ( Figure 1A ). These three 86 bp repeats would be necessary for the complete replication of the ends [3] .
Mitochondrial mutations
Respiratory-deficient mutants have been isolated in our laboratory after mutagenic treatment with acriflavine or ethidium bromide (Table 1) [4-61. They can be divided into two classes according to their capacity to grow under heterotrophic conditions (darkness plus acetate) : mutants that do not grow in the dark (dark-phenotype) and mutants that grow in the dark much more slowly than the wild-type strain (dark+'-phenotype). All mutants grow more or less rapidly when cultivated under phototrophic conditions. In crosses between mutant and wild-type cells, the meiotic progeny inherits the phenotype of the mating-type minus parent, which is typical of mutations affecting the mitochondrial genome. These respiratory-deficient mutants were therefore called dum (dark uniparental minus).
Complex 111 and complex IV mutants These mutants are obligate photoautotrophs (dark-phenotype) : they are deprived of the cytochrome pathway of respiration because of mutations in cob or coxl. Their oxygen consumption, which is insensitive to cyanide, occurs via the activity of the SHAM (or PG)-sensitive alternative oxidase (Figure 2 ). Mutants of this type can also be identified by a staining test performed in vivo on colonies grown on agar plates: in contrast with wild-type colonies, which reduce 2,3,5-triphenyltetrazolium chloride to Red Formazan and become purple, the mutant colonies remain green [5] . T h e biochemical defect in complex I I1 and complex IV mutants can also be determined by growth tests on agar plates containing inhibitors : the mutants are insensitive to 7. (Table 1) . The cob gene is totally or partly deleted, leading to the absence of complex I11 activity. In mutant mitochondria, deleted monomeric genomes always coexist with dimers resulting from head-to-head fusions between deleted monomers [4, 5, 7, 8] .
Two point mutations affecting the cob gene have also been identified (Table 1) : in durn15 a 2 bp substitution transforms T C T (Ser) into T A C (Tyr) at codon 140; in durn21 a G + A transition changes TGG (Trp) into T G A (stop) at codon 166.
Both durn18 and durn19 mutants are deprived of complex IV activity. They possess a frameshift mutation at codons 145 and 152 respectively of the coxl sequence (Table 1) . On agar plates they grow very slowly in the dark and are insensitive to rotenone. In the light their growth is significantly affected when myxothiazol and antimycin A are added to the culture medium. T h e 2,3,5-triphenyltetrazolium chloride test is positive with these mutants. Two mutations affect the ndl gene (Table 1) : durn20 is a deletion of a T base at codon 243, leading to frameshifting and a premature termination of the protein; durn25 corresponds to a 6 bp deletion that eliminates two residues (Glu and Ala) in a very conserved hydrophilic segment of the protein. Durn1 7 is a deletion of a T base at codon 143 of nd6 (stop codon at position 144) whereas durn5 is a T base deletion located in the 3' non-translated region of the nd5 mRNA. It has been shown that in durn5 mitochondria the nd5 transcript is present in very low quantities, illuminating the role of this nontranslated region in the stability of the transcript.
Mutants affected in more than one complex
A few mutants are lacking both complex I activity and the cytochrome pathway of respiration. In comparison with other mutants, their phototrophic growth is significantly decreased. T h e respiration rate of this kind of mutant is very low and results from the activities of rotenone-resistant NAD(P)H dehydrogenase, complex I I and the alternative oxidase, with none of these enzymes being coupled to A T P production (see Figure 2) .
T h e strain durn19 durn25, isolated after mutagenesis of the durn19 strain, is a mutant of this type. Somemutantspresentextensivedeletionsofthe left part of the genome (Table 1) . This is the case for the complex durn24 mutant, which possesses deleted monomeric and dimeric genomes, the deletion encompassing at least cob, nd4 and the 3' end of nd5. T h e mutant lacks complex I and complex I11 activities. In this mutant, as in durn1 and durn2, the deletion also extends to the left telomeric region, eliminating the left 86 bp repeat. This could prevent the complete replication of the monomer and explain why dimers resulting from fusions between identical or differently deleted monomers are always found in the deletion mutants. Dimeric molecules that possess intact telomeric structures at both ends would be the only replicative forms of the genome [9, 9a] .
Two other mutants (AF16 and AF5) with large deletions (3-4.35 kb) have been isolated from a clone possessing a group I intron in the cob gene. Neither strain shows complex I or I11 activity.
Complex I assembly in wild-type and nd mutants
In lower eukaryotes, mammals and higher plants, complex I is the largest enzyme in the respiratory chain (600-1000 kDa). It is composed of two arms, one being located in the inner mitochondrial membrane and the other protruding into the matrix. T h e membrane arm contains all the mitochondrion-encoded subunits ( N D subunits) and bears the ubiquinone-binding sites and the proton-pumping machinery. The matrix or periperal arm is composed of nucleus-encoded subunits and contains all the prosthetic groups and the NADH dehydrogenase activity [lo] .
Although the primary structure of the N D subunits is known with precision, their role in the assembly of the complex is still poorly understood. Mutants affected in nd genes are important tools in the investigation of the role of the corresponding subunits in the activity and assembly of the complex. Blue native PAGE has been used to separate active respiratory complexes of mitochondria from various organisms [ll-131. T h e technique has been successfully applied to Chlarnydornonas, by using membrane-enriched fractions or purified mitochondria. Complex I from wild-type and mutant cells deprived of enzyme activity was detected on blue native PAGE gels by a staining reaction involving its NADH: Nitro Blue Tetrazolium oxidoreductase activity [13] and on Western blots with an antiserum against whole complex I of Neurospora crassa. Wild-type cells exhibit a complex I at 850 kDa, whereas no band is detected in gels with extracts from durn20 and durn17 frameshift mutants (no N D l or ND6 complete subunit). In contrast, mitochondria from durn5 (frameshift in the 3' non-translated region of nd5) and durn25 (deletion of two codons in n d l ) mutants exhibit a correctly assembled complex I, although in a smaller amount in the former mutant. In the dum24 mutant (deletion of nd4 and the 3' end of nd5), mitochondrial extracts show decreased NADH dehydrogenase activity at 650 kDa, this band being recognized also by the antiserum against complex I of N . crassa [9a] .
T h e roles of the various N D subunits in the assembly of complex I therefore seem very different. Truncated N D l and ND6 prevent the assembly of complex I, whereas a deletion of two residues in ND1 preserves it. ND5 is not essential for the assembly but could contribute to stabilizing the complex. The absence of ND4 determines the assembly of a subcomplex of lower molecular mass. T h e analysis of AF5 and AF16 will permit confirmation of the above conclusions.
Mapping mitochondrial mutations by recombinational analysis
In C. reinhardtii, a few zygotes called 'vegetative' do not differentiate into zygospores able to undergo meiosis. Instead, they divide mitotically to give stable diploid progeny. In these zygotes and their mitotic progeny, the mitochondrial genomes are transmitted from both parents (biparental transmission). T h e mitochondrial genomes segregate and recombine at high frequency in such a way that after approx. 15 divisions each cell is homoplasmic for a parental or a recombinant genome [14, 15] . Moreover, vegetative zygotes produced from crosses between different dk-(or dk+'-) mitochondrial mutants segregate dk+ wild-type recombinant cells whose proportion depends on the distance separating the mitochondrial markers [16] . T h e percentage of recombination is approx.
3 yo per kb and mutations separated by distances as high as 10 kb (two-thirds of the mitochondrial genome) can be positioned on the genetic map. Figure 1(B) shows the most recent results allowing correlation of the genetic and the physical map. In this respect, C. reinhardtii constitutes a unique model system because in Saccharomyces cerevisiae the maximum recombination rate (20-25 yo) is reached for a distance of only 1.5 kb [17] , which represents a very limited part of the mitochondrial genome.
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